The endosomal sorting complexes required for transport (ESCRTs) mediate the budding of intralumenal vesicles (ILVs) at late endosomes. ESCRT dysfunction causes drastic changes in endosome morphology, which are manifested in Saccharomyces cerevisiae by the formation of aberrant endosomes 5 known as class E compartments. Except for the absence of ILVs, the mechanistic basis for class E compartment biogenesis is unknown. We used electron microscopy to examine endosomal morphology in response to transient ESCRT inactivation and recovery in yeast expressing the temperature-sensitive mutant vps4 ts allele. Our results show class E compartments accumulate 4-fold the amount of membrane normally present at MVBs and that MVBs can form directly from class E compartments upon recovery 10 of ESCRT function. We found class E compartment formation requires Vps21, which is orthologous to the Rab5A GTPase in metazoans that promotes fusion of endocytic vesicles with early endosomes and homotypic fusion of early endosomes with one another. We also determined that class E compartments accumulate GTP-bound Vps21 and its effector, CORVET. Ypt7, the yeast ortholog of Rab7 that in metazoans promotes fusion of late endosomes with lysosomes, also accumulates at class E 15 compartments but without its effector, HOPS, signifying that Ypt7 at class E compartments is dysfunctional. These results suggest that failure to complete Rab5-Rab7 conversion is a consequence of ESCRT dysfunction, which results in Vps21 hyperactivity that drives the class E compartment morphology. Indeed, genetic disruption of Rab conversion without ESCRT dysfunction autonomously drives the class E compartment morphology without blocking ILV budding. 20
INTRODUCTION
As early endosomes mature into late endosomes, transmembrane proteins targeted for lysosomal degradation are sorted into intralumenal vesicles (ILVs) by the endosomal sorting complexes required for transport (ESCRTs) . ILVs are delivered into the hydrolytic interior of the lysosome upon 5 endolysosomal fusion (Piper and Katzmann, 2007) . In Saccharomyces cerevisiae, ESCRT dysfunction not only blocks ILV budding but also drastically alters endosomal morphology to result in class E compartments (Raymond et al., 1992; Rieder et al., 1996) . These aberrant stacks of flattened endosomal cisternae are uniformly observed in yeast in response to ESCRT dysfunction, but the mechanistic basis for their formation has been a mystery. Determining the underlying cause of class E compartment 10 biogenesis might reveal cellular activities not previously known to be functionally linked to ESCRTs.
siRNA-mediated knockdown of most ESCRTs in human cells causes enlarged swollen endosomes, although class E compartments like those in yeast have been observed (Bache et al., 2003; Doyotte et al., 2005; Razi and Futter, 2006) . Swollen endosomes are similarly induced upon overexpression of a dominant-active Rab5A GTPase (Stenmark et al., 1994; Wegner et al., 2010) . Rab5A regulates early 15 endosomal fusion activity (Gorvel et al., 1991; Rubino et al., 2000) and is replaced during the course of endosomal maturation by Rab7 (Rink et al., 2005) , which regulates fusion of late endosomes with lysosomes (Bucci et al., 2000; Vanlandingham and Ceresa, 2009 ). Rab5-Rab7 conversion is thought to guide endosomal maturation (Rink et al., 2005; Poteryaev et al., 2010) , but its mechanistic basis is poorly understood. In Caenorhabditis elegans, Rab conversion requires SAND-1, which promotes 20 endosomal dissociation of the guanonucleotide exchange factor (GEF) that activates Rab5A (Poteryaev et al., 2010) . The yeast SAND-1 ortholog, Mon1, is also thought to promote Rab conversion by associating with Ccz1 to form a GEF complex that activates the Rab7 ortholog, Ypt7 (Nordmann et al.,
RESULTS

Membrane accumulation at class E compartments
Vps4 ATPase activity sustains ESCRT function by catalyzing disassembly of ESCRT-III (Wollert et al., 5 2009 accompanied by loosely associated MVBs (Fig. 1G) , suggesting that many of the MVBs observed during the recovery period derived directly from class E compartments that had formed during vps4 ts inactivation. Indeed, class E compartments are probably a source of MVBs for a significant period after vps4 ts reactivation because many stacked cisternae and loosely associated endosomes remained at 30 minutes (Figs 1G, 2D) , with some even observed at 70 minutes (Figs 1H, 2D) . 25
We also examined vps4 ts cells subjected to a similar temperature-shift protocol by fluorescence microscopy to quantitate class E compartment puncta at which the lipid marker, FM 4-64, colocalizes with GFP fused to Sna3, an ILV cargo ( Fig. 2F-I ). Sna3-GFP is transported from the Golgi to endosomes and subsequently delivered into the lumen of the vacuole (lysosome) in wild-type cells, but it exclusively localizes to class E compartments in response to ESCRT dysfunction (Reggiori and Pelham,compartment formation and recovery of MVB biogenesis that we determined by EM ( Fig. 2A-D (Fig. 2C ), suggesting that a significant amount of membrane 10 accumulates at class E compartments. Membrane quantitation by electron tomography revealed each class E compartment cisterna in vps4∆ cells averaged ~2.5-fold more membrane than the sum of ILVs and perimeter membrane at a typical wild-type MVB (Fig. 2E) . Similar results were found in snf7∆, an ESCRT-III-mutant strain (Fig. 2E) . A class E compartment stack typically has 3-6 cisternae, but ESCRT-mutant cells have fewer class E compartment stacks compared to the number of MVBs in wild-15 type yeast (Fig. 3F) . Nonetheless, class E compartment cisternae in vps4∆ cells still outnumbered MVBs in wild-type cells by 1.5 fold (0.56 versus 0.36 per cell section, respectively), which, when multiplied by the 2.5-fold membrane excess at each cisterna, indicates the combined membrane content of class E compartments in an ESCRT-mutant cell is ~4-fold the total membrane represented by all MVBs in a wild-type cell. 20
The Vps21 Rab5 GTPase is required for biogenesis of class E compartments but not MVBs
The 4-fold membrane excess at class E compartments cannot solely result from the lack of ILVs, which 25 account for only 50% of total MVB membrane (Wemmer et al., 2011) . Some accumulation might stem from defective membrane retrieval (Raymond et al., 1992; Piper et al., 1995) , but the burst of MVB biogenesis directly from class E compartments upon vps4 ts recovery indicated much of the accumulated membrane is en route to vacuoles. Indeed, the amount of excess membrane at class E compartment cisternae ( Fig. 2E ) implies each can give rise to two or more MVBs, as suggested by the dumbbellshaped profiles of non-spherical MVBs seen upon vps4 ts recovery (Fig. 1G, arrow) . Therefore, we investigated if unregulated membrane fusion at endosomes has a role in class E compartment biogenesis.
Membrane fusion is regulated by Rab GTPases, which promote membrane tethering and subsequent assembly of trans-SNARE complexes (reviewed in Stenmark, 2009). In animals, Rab5A
promotes fusion of endocytic vesicles with early endosomes and homotypic fusion of early endosomes 5 with one another (Gorvel et al., 1991; Rubino et al., 2000) , while Rab7 promotes fusion of late endosomes with lysosomes (Bucci et al., 2000; Vanlandingham and Ceresa, 2009) . Among three Rab5 paralogs in yeast, Vps21 is the functional ortholog of Rab5A (Singer-Krüger et al., 1995) , whereas Ypt7 is the only yeast Rab7 ortholog.
The flattened stacks of closely apposed endosomal cisternae characteristic of class E 10 compartments no longer formed upon deletion of VPS21 in either vps4∆ cells (Fig. 3A ,E) or in vps27∆, an ESCRT-0-mutant strain ( Fig. 3G-H) . Suppression of class E compartment biogenesis was specific to the loss of Vps21 Rab5 activity because class E compartments still occurred in vps4∆ cells despite deletion of YPT52 (Fig. 3I) , the only other Rab5 paralog expressed in vegetative yeast (MacKay et al., 2004) . Class E compartment biogenesis also was unaffected by deleting YPT32 (Fig. 3J) , a Rab that 15 regulates endosome-to-Golgi trafficking (Sciorra et al., 2005; Buvelot Frei et al., 2006) . Thus, the enlargement of endosomes into flattened, closely apposed cisternae is dependent on Vps21. However, aberrant endosomal morphology remains in ESCRT mutants lacking Vps21 because class E compartments were replaced by loose clusters of abnormal vesicles ~100 nm in diameter that lacked ILVs (Fig. 3A,H,F) . 20 Although deletion of VPS21 suppressed class E compartment formation in vps4∆ and vps27∆ cells, it did not restore MVB biogenesis ( Fig. 3A,H ; see below). Previous studies suggested Vps21 regulates fusion of Golgi-derived transport vesicles with early endosomes (Horazdovsky et al., 1994; Peterson et al., 1999; Tall et al., 1999) , and a block in this fusion step could thus indirectly suppress class E compartment formation. However, we still observed MVBs in vps21∆ cells at low frequency 25 (Fig. 3B,E) , suggesting that the loss of Vps21 function either reduced MVB biogenesis or accelerated membrane flux through the late endosome-to-vacuole pathway in some manner. That endosomes remain functional with respect to MVB biogenesis in the absence of Vps21 was further confirmed by our observation that GFP-Cps1 was correctly delivered into the vacuole lumen in vps21∆ cells. Like 8 dysfunction (Odorizzi et al., 1998a) . The sorting of GFP-Cps1 in vps21∆ cells was ESCRT-dependent because it was mislocalized to the vacuole perimeter membrane in vps21∆ vps4∆ cells, similar to its vacuolar localization in vps4∆ cells (Fig. 4) . However, in vps21∆ vps4∆ cells, GFP-Cps1 no longer colocalized with FM 4-64 at large puncta characteristic of class E compartments (Fig. 4) , consistent with loss of the characteristic class E compartment morphology (Fig. 3A,E) . VPS21 deletion did not cause 5 GFP-Cps1 to bypass endosomes and reach vacuoles directly from the Golgi via the AP3-dependent pathway (Cowles et al., 1997) because deletion of the APM3 gene required for AP3 function did not block vacuolar delivery of GFP-Cps1 either in vps21∆ cells or in vps21∆ vps4∆ cells (Fig. 4) . Intact vacuoles in these cells support the view that delivery of membrane to this organelle does not absolutely depend on Vps21. However, when VPS4 is deleted in addition to VPS21, endosomes are unable to 10 support ILV biogenesis even though class E compartments do not form (Fig. 3A) .
Unlike deletion of VPS21, deletion of YPT7 in vps4∆ cells did not suppress class E compartment biogenesis ( Fig. 3C ,E; confirmation of class E compartments in this strain by fluorescence microscopy was not possible because of the severe fragmentation of vacuoles caused by YPT7 deletion [Wichmann et al., 1992] ). The only obvious difference was that the lumen of class E compartment cisternae in 15 ypt7∆ vps4∆ cells was occasionally stained more darkly for unknown reasons. Deletion of YPT7 alone caused a 3-fold increase in the number of MVBs seen in wild-type yeast ( Fig. 3D-E) , consistent with Ypt7 mediating late endosome-vacuole fusion. Notably, MVBs in ypt7∆ cells were enlarged (mean diameter in wild-type=131 nm, ypt7∆=171 nm; n=40 for both), suggesting persistent membrane delivery through Vps21 function and/or reduced activity of retromer, which mediates recycling to the Golgi and 20 requires Ypt7 to function (Balderhaar et al., 2010 , Liu et al., 2012 .
Vps21 is concentrated at class E compartments in its active GTP-bound state
25
Because of the requirement for Vps21 but not Ypt7 in class E compartment biogenesis, we compared the localization of GFP-Vps21 versus GFP-Ypt7. As seen previously in wild-type yeast, GFP-Vps21 displayed a punctate distribution, while GFP-Ypt7 localized predominantly to vacuole membranes; however, both Rabs were concentrated together with FM 4-64 at class E compartments in vps4∆ cells (Fig. 5A ,B) and in vps23∆, an ESCRT-I-mutant strain (data not shown). In contrast, GFP was notconcentrated at class E compartments when fused to Ypt32 (Fig. 5C ), the Rab that regulates retrograde transport from endosomes (Sciorra et al., 2005; Buvelot Frei et al., 2006) .
We anticipated Vps21 would be concentrated at class E compartments based on its requirement for the formation of these aberrant structures. Although a similar concentration of Ypt7 had been observed previously (Balderhaar et al., 2010) , our EM analysis indicated its activity was not required for 5 class E compartment biogenesis (Fig. 3) . To evaluate whether the concentration of Vps21 and Ypt7 at class E compartments correlated with each Rab being in the active GTP-bound state, we tested their sensitivity to recombinant GDP dissociation inhibitor (GDI). Upon hydrolyzing their bound GTP, membrane-associated Rabs return to the inactive GDP-bound state. GDI preferentially binds GDPbound Rabs and extracts them from membranes, solubilizing Rabs and recycling them to the cytosol so 10 that they can engage in subsequent rounds of membrane targeting and function (reviewed in Seabra and Wasmeier, 2004 ).
Compared to wild-type cells, vps4∆ cells contained more membrane-associated Vps21 (Fig. 5D , 12% and 20% of the total fraction recovered in the pellet fraction in wild-type and vps4∆ cells, respectively), and membrane-associated Vps21 in vps4∆ cells was more resistant to GDI extraction ( Fig.  15 5E, 27% compared to 9% extracted in lanes 2 and 5, respectively). Importantly, the increased GDI resistance of Vps21 in response to VPS4 deletion was not due to an indirect consequence of the Rab somehow being inaccessible to the addition of recombinant protein because the vast majority of Vps21 could be solubilized by GDI if membranes from vps4∆ cells were first incubated with the recombinant catalytic domain of Gyp1 (Gyp1 TBC ), a GTPase-activating protein (GAP) shown in vitro to stimulate 20 GTP hydrolysis by both Vps21 and Ypt7 (Albert et al., 1999) (Fig. 5D ). The enhanced GDI resistance of Vps21 in vps4∆ cells mirrors results recently observed upon disruption of Msb3, a GAP specific for Vps21 (Nickerson et al., in press), and signifies that Vps21 is predominantly at class E compartments in its active GTP-bound state upon ESCRT disruption.
Unlike Vps21, the proportion of Ypt7 that was susceptible to extraction by GDI was similar in 25 wild-type and vps4∆ cells, even if membranes were first incubated with Gyp1 TBC (Fig. 5E , 25%
compared to 21% extracted in lanes 2 and 5, respectively). Thus, we did not detect a change in the nucleotide-binding state of Ypt7 upon VPS4 deletion. However, this assay could not discriminate between Ypt7 localized to class E compartments versus the residual amount detected by fluorescence microscopy at vacuole membranes ( Fig. 5B ).
ESCRT disruption inhibits the completion of Rab5-Rab7 conversion
The results described above indicated that Vps21 is concentrated at class E compartments in its active GTP-bound state, but the activation status of Ypt7 concentrated at these aberrant structures was unclear. 5
Therefore, we evaluated the activity of both Rabs by examining the localization of their corresponding effector proteins. Rab effectors bind selectively to active GTP-bound Rabs but not to inactive GDP- Vps11, Vps16, Vps18, and Vps33) that associate with two additional subunits specific either for Vps21 or Ypt7 (Fig. 6H) . Like GFP-Vps21, a CORVET-specific effector, Vps8-GFP (Fig. 6A) , was concentrated at class E compartments, as was GFP-Vps33, a core subunit shared by CORVET and HOPS (Fig. 6C) . However, GFP-Vps41, a HOPS-specific effector (Fig. 6B ), failed to localize to these 15 aberrant structures, signifying that Ypt7 concentrated at this site is nonfunctional. These observations, therefore, suggest that ESCRT dysfunction inhibits the completion of Rab5-Rab7 conversion.
Consistent with the suppression of class E compartment morphology by VPS21 deletion (Fig. 3) , Vps8-GFP no longer accumulated in vps21∆ vps4∆ cells, (Fig. 6I ).
Rabs are activated by GEFs, which trigger the release of GDP so that Rabs can bind GTP 20 (Stenmark, 2009) . Based on the concentration of GTP-bound Vps21 and CORVET at class E compartments, we anticipated that the Vps21 GEF, Vps9, would similarly be localized at these aberrant structures, where it could drive Vps21 activation. Indeed, Vps9-GFP was aberrantly concentrated at class E compartments in vps4∆ cells (Fig. 6D) . In contrast, we found that ESCRT dysfunction caused the opposite response for GFP fused to Ccz1, which functions together with Mon1 as the GEF complex 25 that activates Ypt7 (Nordmann et al., 2010) . In wild-type yeast, Ccz1-GFP localized to puncta adjacent to vacuoles (Fig. 6E; Nordmann et al., 2010) , but it was not concentrated at class E compartments in vps4∆ cells (Fig. 6E) . The lack of Ccz1-GFP at class E compartments was not due to defective Mon1-Ccz1 complex formation (Fig. 6F) , nor was it due to aberrant proteolytic cleavage of the GFP moiety because western blot analysis of total cell extracts showed no difference in the abundance of Ccz1-GFP 30 between wild-type and vps4∆ cells (Fig. 6G) . However, Ccz1-GFP exhibited markedly lower expression in wild-type and vps4∆ cells compared to Vps9-GFP ( Fig. 6G ; expression of each GFP fusion was driven by the endogenous promoters for CCZ1 and VPS9, respectively), which presumably explains why redistribution of Ccz1-GFP elsewhere within vps4∆ cells is not noticeable (Fig. 6E ).
5
Genetic disruption of Rab conversion can autonomously induce class E compartment biogenesis without ESCRT dysfunction
Having found that class E compartment biogenesis requires Vps21 and that Vps21 is concentrated in its active GTP-bound state along with its CORVET effector at class E compartments, we investigated 10 whether genetically driving chronic Vps21 activity could induce class E compartment biogenesis without mutation of ESCRT genes. The vps21 Q66L allele encodes a mutant version of Vps21 that has crippled nucleotide hydrolysis activity and is consequently locked in its active GTP-bound state (Tall et al., 1999 (Fig. 1) . The morphological identification of these class E compartment-like structures as being endosomal in origin was unequivocal because they contained ILVs, and their similarity to bona fide class E compartments in ESCRT-mutant strains was further 20 evident in serial sections, which showed that the stacked endosomal membranes are flattened cisternae, not tubules ( Fig. 7B-D) . The presence of ILVs in the class E compartment-like structures also demonstrated that ESCRTs are functional in this context with respect to ILV budding. While unbiased quantitation showed that class E compartment-like structures were infrequent (Fig. 7E ), they were also observed in an independent strain in which the chromosomal VPS21 locus had been deleted (data not 25 shown). The ability of vps21 Q66L overexpression in ypt7∆ cells to achieve 14% penetrance of the class E compartment phenotype seen upon ESCRT dysfunction ( Fig. 7E ; Rieder et al., 1996) must be considered significant because the effects of a functional ESCRT machinery would need to be overcome.
DISCUSSION
Deletions of ESCRT genes in yeast have long been known to cause the formation of class E compartments (Raymond et al., 1992; Rieder et al., 1996) . However, the mechanistic basis for class E compartment biogenesis was unknown. Our results show that the formation of class E compartments is 5 driven by Vps21 hyperactivity coupled with dysfunctional Ypt7 at endosomes. Vps21 is the yeast ortholog of Rab5A in metazoans (Singer-Krüger et al., 1995) , which regulates early endosome fusion events (Gorvel et al., 1991; Bucci et al., 1992; Rubino et al., 2000) . Ypt7 is the yeast ortholog of Rab7 in metazoans (Bucci et al., 2000; Vanlandingham and Ceresa, 2009 ), which replaces Rab5A at endosomal membranes, thereby marking the maturation of early endosomes into late endosomes that can 10 consequently fuse with lysosomes (Rink et al., 2005; Poteryaev et al., 2010) . We propose the completion of Rab5-Rab7 conversion requires ESCRT activity to ensure transmembrane proteins targeted for degradation are sequestered away from the perimeter endosomal membrane before endolysosomal fusion occurs. (Fig. 7) suggests how challenging it is to form these structures in the context of ESCRT function. The aberrant accumulation of ubiquitin at endosomes, which occurs in response to ESCRT dysfunction (Ren et al., 2008) , might also be involved in class E compartment biogenesis because yeast lacking endosomal deubiquitination activity do not form class E compartments 30 unless cellular ubiquitin levels are maintained (Richter et al., 2007) . Evidence that ubiquitinated cargoes inhibit endosomal maturation is the enhanced class E compartment morphology seen upon stimulation of epidermal growth factor receptor endocytosis after ESCRT-I depletion in human cells (Razi and Futter, 2006) . These observations warrant future investigation into whether the ubiquitin-binding capability of Vps9 (Prag et al., 2003) , the Vps21 GEF, senses ubiquitinated cargoes accumulated at class E compartments. 5
The apparent failure to complete Rab5-Rab7 conversion upon ESCRT disruption in yeast correlates with impaired localization of Mon1-Ccz1 at endomembranes. Mon1-Ccz1 is regarded as a key regulator of endosomal Rab conversion (Cabrera and Ungermann, 2010) because the C. elegans ortholog of Mon1 inhibits endosomal localization of RABX-5, the GEF that activates Rab5A (Poteryaev et al., 2010) . A similar mechanism might exist in yeast because the loss of Ccz1-GFP localization at 10 endosomes coincided with endosomal accumulation of Vps9, the Vps21 GEF (Fig. 6D,E) . Because ESCRT-driven ILV budding. The biogenesis of MVBs has been proposed to be essential during endosomal maturation so that transmembrane proteins targeted for degradation are sequestered before late endosomes fuse with vacuoles/lysosomes (Mellman, 1996) . Indeed, when vps4 ts function is restored by shifting to the permissive temperature, class E compartments resume ILV budding before fusing with the vacuole (Fig. 1) , suggesting that removal of ubiquitinated cargoes by the ESCRT machinery is 15 required for effective activation of the endolysosomal fusion machinery.
Vps21 was originally thought to be essential for membrane trafficking from the Golgi to early endosomes (Cowles et al., 1994; Horazdovsky et al., 1994; Becherer et al., 1996; Burd et al., 1996) . However, we found that GFP-Cps1 was delivered to the vacuole lumen via ESCRT-mediated sorting despite Vps21 disruption. Cps1 is a transmembrane protein transported from the Golgi to early 20 endosomes, where it is subsequently sorted by the ESCRT machinery into ILVs (Odorizzi et al., 1998a) . Therefore, despite a reduction in both the normal frequency and size of MVBs, endosome biogenesis in the absence of Vps21 remains sufficient for ESCRT-mediated protein sorting into the MVB pathway.
This observation indicates that Vps21 is essential for class E compartment formation not because of an ab initio requirement in endosome biogenesis but, instead, because Vps21 activity is necessary to 25 provide sufficient delivery of membrane for the accumulation at class E compartment cisternae. Partial redundancy with the Ypt52 Rab5 paralog likely explains the continued biogenesis of endosomes without Vps21 function because simultaneous disruption of both Vps21 and Ypt52 abrogates both MVB cargo sorting and ILV biogenesis (Nickerson et al., in press ). However, we found no evidence to support a role for Ypt52 in the formation of class E compartments, which signifies the specificity of Vps21 in 30 class E compartment biogenesis and suggests the effectors of Vps21 and Ypt52 are not identical.
The timing of class E compartment biogenesis relative to endocytic trafficking was previously unknown because almost all studies had described these abnormal structures at steady state in yeast containing deletions of ESCRT genes. Our results confirm class E compartments and MVBs share a common biogenesis, as indicated by the block in ILV formation coupled with the progressive flattening and stacking of endosomes upon vps4 ts inactivation, followed by the recovery of ILV budding within 5 flattened endosomal cisternae upon vps4 ts reactivation. Vps4 is the ATPase that catalyzes disassembly of ESCRT-III, which is the final step executed in the ESCRT pathway and is, therefore, essential for sustaining the activity of this machinery (Wollert et al., 2009 Table 1 lists yeast strains and plasmids used in this study. Standard protocols were used for 5 manipulations of S. cerevisiae (Guthrie and Fink, 2002) and for DNA manipulations using Escherichia coli (Sambrook and Russell, 2001 ). Plasmids were confirmed by DNA sequence analysis. Gene deletions and chromosomal integrations in yeast were constructed by homologous recombination using site-specific cassettes amplified by PCR (Longtine et al., 1998; Gueldener et al., 2002) or as follows.
MATERIALS AND METHODS
Yeast Strain and Plasmid Constructions
JAWY1 was constructed by integration of vps4
ts from pMB59 (Babst et al., 1997) and counter-selection 10 using 5-Fluoroorotic acid. DNY223 and DNY224 were constructed by genomic integration from pRC680 (Buvelot Frei et al., 2006) . DNY242 was constructed by genomic integration from pRS406.NOP1pr-GFP-Vps41 (LaGrassa and Ungermann, 2005).
Fluorescence Microscopy
Yeast were grown to logarithmic phase and stained with either FM 4-64 or its fixable analog, FM 4-64 FX (Invitrogen), using a pulse-chase procedure (Odorizzi et al., 2003) . Labeled cells were washed and resuspended in water, then placed on slides for viewing. Cells labeled with FM 4-64 FX were fixed as 20 described in Reggiori and Klionsky (2006) to preserve class E compartments. Confocal fluorescence microscopy was performed using an inverted fluorescence microscope (TE2000-U; Nikon) equipped with an electron-multiplying charge-coupled device camera (Cascade II; Photometrics) and a Yokogawa spinning disc confocal system (CSU-Xm2; Nikon). Images were taken with a 100× NA 1.4 oil objective, acquired using MetaMorph (version 7.0; MDS Analytical Technologies), and processed using 25
Adobe Photoshop CS2 and CS3 software (Adobe Systems, San Jose, CA).
EM
Yeast were grown to logarithmic phase at 25°C or at the indicated temperatures for vps4 ts cells, transferred to aluminum planchettes, and frozen in a Balzers HPM010 high-pressure freezer (Bal-tec AG, Liechtenstein). Planchettes were transferred to vials containing freeze substitution solution (0.1% 5 uranyl acetate, 2% glutaraldehyde in anhydrous acetone). Vials were transferred to a freeze substitution machine (Leica EM AFS/AFS2, Vienna, Austria) at -150°C. Samples were warmed to -80°C over 24 hours, then the cells were removed from the planchettes, transferred to chilled tubes, and the freeze substitution solution replaced. After 48 hours, samples were warmed to -60˚C. Over the next 96 hours, samples were washed three times with acetone, then 1:3, 1:1 and 3:1 acetone/Lowicryl HM20 10 (Polysciences, Warrington, PA), and six times with HM20. The HM20 was UV-polymerized for 12 hours and during warming to 20°C over 48 hours. 75-nm thin sections were post-stained in 2% uranyl acetate for 5 minutes and Reynold's lead citrate for 15 minutes. Thin-section imaging employed a Philips CM10 transmission electron microscope at 80 kV. Images were processed using Adobe Photoshop CS2-3 software (Adobe Systems, San Jose, CA). 15
EM quantitation criteria
Morphological criteria for quantitation ( Fig. 2A-D) of the vps4 ts cells shown in Fig. 1 : MVBs were 20 endosomal profiles less than 300 nm in diameter that contained at least two ILVs with visible membrane bilayers; 'flattened endosomes' were non-spherical unstacked endosome profiles either possessing negative curvature at the limiting membrane or a largest limiting membrane diameter more than twice the smallest diameter; 'stacked endosomes' were individual cisternal profiles that met the criteria for 'flattened endosomes' but were also in a stack of at least two cisternae separated by a ribosome-25 excluding zone. For ILV quantitation, all ILVs were counted regardless of the morphology of the compartment in which they were found. At least 150 cells were counted for each experimental condition, except for the 70-minute 38°C time point or the recovery time points, in which 50 cells were counted. Quantitation of MVB profiles and class E compartment cisternal profiles in other strains was the same as for MVBs and 'stacked endosomes' above. 'Aberrant vesicle clusters' were at least 3 ~100nm vesicles with heterogeneous content, within 30 nm of each other; at least 50 cell profiles were counted for each strain.
Electron Tomography Membrane Surface Area Calculations 5
Electron tomograms of wild-type, vps4∆, and snf7∆ cells used to derive models for surface area measurements were previously generated from single experiments (Nickerson et al., 2010; 2006; Wemmer et al., 2011, respectively) by the same operator (M.W.) following a similar protocol. IMOD and 3dmod software from the Boulder 3DEM lab (Kremer et al., 1996) was used for tomogram 10 generation and modeling, respectively. The mean membrane surface area of 11 MVBs (including ILVs) from wild-type cells (five 250-nm sections) was compared to the mean membrane surface area of individual flattened cisternae from 3 class E compartments from vps4∆ cells and 3 class E compartments from snf7∆ cells (two serial 500-nm tomograms and one single 250-nm tomogram, for each mutant strain) using Prism (GraphPad, La Jolla, CA). An average of ~65% of the complete structure (MVBs 15
and class E compartments) was measured. The irregular extended three-dimensional shape of class E compartments (Rieder et al., 1996) means that their surface area was more likely to be underestimated than for MVBs.
20
Subcellular fractionation and GDI extraction
For subcellular fractionation of yeast lysates, 10 OD 600 U of logarithmically grown cells were harvested by centrifugation at 500 x g, resuspended at 10 OD 600 U/mL in softening buffer (10 mM DTT, 0.1 M Tris-HCl pH 9.4) and incubated at room temperature for 10 minutes. The cells were then centrifuged 25 again at 500 x g, resuspended at 5 OD 600 U/mL in spheroplasting buffer (50 mM HEPES-KOH pH 7.2, yeast nitrogen base, casamino acids, 2% glucose, 1 M sorbitol) and converted to spheroplasts by adding purified lyticase enzyme (Zymolyase 20T; Seikagaku, Tokyo, Japan) and incubating for 30 minutes at 30˚C. Spheroplasts were collected by centrifugation at 1,000 x g, resuspended in spheroplasting buffer lacking lyticase, centrifuged again, then lysed by resuspension at 10 OD 600 U/mL in ice-cold lysis buffer 30 (20 mM HEPES-KOH pH 7.2, 50 mM potassium acetate, 200 mM sorbitol, 0.1 mM Pefabloc SC, 1 mM PMSF, 0.01 mM chymostatin, 1 μ g/mL each of aprotinin, leupeptin and pepstatin, and 1X protease inhibitor cocktail (EDTA-free; Roche)). Lysates were homogenized with 50 strokes in a dounce homogenizer, cleared of cell debris and nuclear membranes by spinning at 1,000 x g for 5 minutes at 4˚C, then centrifuged at 15,000 x g to yield membrane pellet (P15) and supernatant (S15) fractions. P15 fractions were resuspended in lysis buffer, and proteins were harvested from total, P15, and S15 samples 5 upon the addition of 0.15% (vol/vol) sodium deoxycholate and 10% (vol/vol) trichloroacetic acid. The insoluble material was re-precipitated twice by sonication into ice-cold acetone and centrifugation before being sonicated into Laemmli buffer. 0.2 OD 600 U of each sample was resolved by SDS-PAGE and examined by western blotting.
Purifications of Gyp1
TBC (Lo et al., 2012) and Rab GDI (Starai et al., 2007) μ M recombinant GDI immediately prior to spinning at 15,000 x g for 15 minutes, after which the pellets were resuspended in lysis buffer and proteins from both membrane-associated (P15) and soluble (S15) 15 fractions were processed as described above. 0.2 OD 600 U of each sample was analyzed by SDS-PAGE and western blotting.
Total cell extracts and affinity purification 20
Total yeast extracts were generated from 5 OD 600 U of logarithmically grown cells that were harvested by centrifugation at 500 x g, resuspended in 10% (vol/vol) trichloroacetic acid, and incubated 30 minutes on ice. Protein precipitates were isolated by centrifugation at 15,000 x g for 10 minutes at 4˚C, and the insoluble material was re-precipitated twice by sonication into ice-cold acetone and 25 centrifugation before being sonicated into Laemmli buffer. One-half OD 600 U of extract was resolved by SDS-PAGE and examined by western blotting.
For affinity purification of Ccz1-TAP from total detergent-soluble yeast extracts, 10 OD 600 U of logarithmically-grown cells were converted to spheroplasts and lysed as described above, then rotated at 4˚C with 0.5% (vol/vol) Triton X-100 for 10 minutes at 4˚C and centrifuged 10 minutes at 15,000 x g at 30 4˚C to generate a detergent-soluble supernatant that was rotated for 30 minutes at 4˚C with IgG Journal of Cell Science Accepted manuscript 20 sepharose (GE Healthcare). Bound proteins were harvested by centrifugation at 10,000 x g at 4˚C, followed by 3 rounds of resuspension of the pelleted beads in lysis buffer followed by centrifugation.
Bound proteins were eluted from the beads in Laemmli buffer, and 4 OD 600 U of sample was examined by SDS-PAGE and western blotting. 
